The variation of the density and compressive properties through a single closed-cell aluminium alloy foam block were evaluated. For this purpose a rectangular block of aluminium foam was fabricated and cut into identical small cubic representative volume specimens in three horizontal layers (bottom, middle and top). The mechanical characteristics of these cubic representative volume specimens were determined using quasi-static and dynamic compression tests, parallel and perpendicular to the foaming direction. The visual observation of the cubic representative volume specimens revealed that the pore size and the relative density vary across the original foam block, particularly on the different horizontal layers. Accordingly, the variation of the compressive properties and the energy absorption characteristics also proved to be significant.
Introduction
Large volume metal foam parts manufactured by powder metallurgy method usually exhibit a density gradient and large size distribution of cellular pores with irregular cell shape as the consequence of the coalescence and drainage mechanisms involved during the foam formation (Baumgärtner (2000) , Duarte (2012) , ). This could result in a layered structure with anisotropic mechanical properties. An irregularly structured foam with a non-uniform density distribution can be considered as a multiphase material consisting of an arrangement of sub-domains of various cellular materials, each exhibiting different properties. Their inhomogeneties have to be quantified by their variation range and with respect to their location within the sample. The non-uniformity can be described by different volume elements. In this paper, the variation of the density and compressive properties through a single closed-cell aluminium foam block were evaluated with particular emphasis on the effects on the density gradient that develops during the fabrication.
Materials and Methods

Preparation of Aluminium Alloy Foam Specimens
A rectangular block of aluminium alloy foam of 200 x 80 x 50 mm was prepared by powder metallurgy method described in detail in refs. Baumgärtner (2000) and . A foamable precursor of 160 x 20 mm crosssection was prepared using a combination of a cold isostatic pressing and a hot extrusion of a powder mixture of pre-alloyed AA 6061 containing 0.5 wt.% titanium hydride (Baumgärtner (2000) ). This foam block was prepared placing a single precursor piece of 200 x 20 x 50 mm into a stainless steel closed mould subjected to heating at preheated furnace at 750ºC. The resulting solid block of closed cell foam is covered by an external dense metal skin, as shown in Fig. 1a . This solid block was cut by electro-discharge machining into identical small cubic representative volume specimens of 20 x 20 x 20 mm in three horizontal layers (bottom, middle and top) removing the external layer (skin) around the sample, as it is sketched in Fig. 1b . Then, the cubic specimens were marked attending their position within the horizontal layer. Each horizontal layer is formed by two groups of eight cubic samples. For example, the A-layer has two groups: A11-A18; A21-A28.
Quasi-Static and Dynamic Compression Tests
The uniaxial compression tests on the cubic specimens subjected to quasi-static and dynamic were carried out using a servo-hydraulic dynamic INSTRON 8801 machine (Vesenjak (2009) ). The crosshead rates were 0.17 mm/s and 284 mm/s, respectively. The total number of the specimens tested was 48. The cubic specimens of each horizontal layer were divided into 4 sets of 4 samples for compressing in two different directions (parallel and perpendicular) regarding to the foaming direction under two loading conditions -quasi-static and dynamic. Four specimens were compressed for each condition. The dimensions of these specimens were 20 x 20 x 20 mm. The force and the displacement have been recorded. The effect of foam direction and position on the compressive properties of Al-alloy foams under quasi-static and dynamic loading was studied at room temperature. 
Results and Discussion
Foam Characterisation
The visual observation of the cubic representative volume specimens revealed that the cellular architecture and the mass density vary across the original foam block, particularly within different horizontal layers, as illustrated in Figs. 2 and 3, respectively. Moreover, the size of cellular pores depends on the specimen's orientation. Finer and coarser pore morphology is observed in the perpendicular and parallel directions, respectively (Fig. 2) . The resulting pore structure is not isotropic, but orientated in foaming direction. A large size distribution of the cellular pores with irregular cell shape is observed, particularly in parallel to the foaming direction. The closed pores are mostly of polyhedral or spherical geometry. The metal mass is not evenly distributed along the plateau borders and cell walls. The relation between the pore volume and surrounding material vary, resulting in a non-uniform density distribution within the single original foam block. It is evident that the mass density varies through each horizontal layer. The original foam block exhibits further type of irregularities besides that of geometrical architecture. Significant morphological defects and imperfections such as cracks or spherical micropores in cell walls and cell wall wiggles, as well as missing cell-walls and deformation of the bubbles are observed. The local density distribution is strongly affected by these imperfections and defects.
Results demonstrated that there are vertical and horizontal profiles of density, as shown in Fig. 3 . The bottom section (A-layer) contains the largest variation in the pore size and has the largest density gradient. The other two layers (B-and C-layers) also show a significant density variation, but the measured values are closer. In fact, the Alayer is the one that shows the highest variation of these density values. The average of mass density for two groups of A-layer -A11-A18 and A21-A28 -is 0.34 and 0.21 g/cm 3 , respectively. While for other two layers -B and C, the values of average of mass density are closer. For the B-layer: B11-B18 and B21-B28 -the values are 0.28 and 0.29, respectively. For the C-layer: C11-C18 and C21-C28 -the values are 0.29 and 0.30, respectively.
The A-layer shows an irregular structured foam as multiphase material consisting of an arrangement of different domains -R1 and R2 -with larger bubbles and smaller sized bubbles. This non-uniform density distribution is associated to the production of these materials. The original block was prepared by heating a mould containing a single precursor inside a furnace. The non-uniform temperature distribution inside the furnace leads to thermal gradient of the closed mould establishing different thermal contacts in the precursor. Thus implying a thermal gradient on the precursor, the precursor does not start to foam at the same time. The mould is filled in a non-uniform way. The latter is the reason for a non-uniform cell size distribution and density variations. The main differences between horizontal layers are associated to foam stability, collapse mechanism (coalescence and drainage) and metal (2000)). A very complex rheological behaviour of the liquid foam, including the bubble deformation rearrangement and avalanches processes, is observed during the foam formation ). An uncontrolled solidification can also cause structural defects in the cell wall of the foams. The solidification by cooling foamed liquid metal is a "race against time", in as much as the relatively heavy liquid is prone to drainage, which rapidly reduces the density and hence provokes instability and collapse. The foamed liquid is immediately subjected to gravity-driven drainage of liquid, creating a vertical profile of the density (Duarte (2000) ).
Load-Displacement Curves
Figs. 4a and 4b show compressive curves of cubic specimens under quasi-static and dynamic loading for parallel and perpendicular direction, respectively. As shown, these curves are divided into three regions (Degischer (2002) ). The first region is linear-elastic where the load increases with increasing compressive displacement almost linearly (elastic deflection of the pore walls), followed by a plastic collapse plateau with a nearly steady compressive load (pore walls yield or fracture, whereas increasing deformation does not require an increase of the load). The last region is the densification of the foam where a rapid increase of the load is observed after the cell walls crush together. These foams exhibit, after an elastic loading, a more or less clear plateau region. This plateau stress is important due to characterization of the energy absorbing behaviour and an advantageous material property of the foams' compressive performance. The result of this study clearly showed a considerable variation in the compressive strength properties of the cubic specimens regarding the specimen orientation (parallel and perpendicular), as well as the position within the original block, specially for horizontal layers. This variation is associated to the main structural features in combination with density discussed above. The curves of specimens compressed in perpendicular direction under both quasi-static and dynamic loading, are slightly higher than the one's compressed in parallel direction. This is due to the difference between sizes of cellular pores that are smaller in the perpendicular direction (see Fig. 2 ).
The compressive strength depends on the size of cellular pores and increases with decreasing the cell size which is in agreement with others authors (Banhart (1998), Campana (2008) ). On the other hand, the cubic specimens belonging to A-layer (bottom) show inferior compression curves compared to those obtained with specimens of layers B and C in both compressive directions. As explained above, the specimens of the A-layer have more irregular structures; they even show two regions with larger and smaller size cellular pores (Fig. 2) . This layer (bottom) is where the drainage and coalescence mechanisms have more visible effects.
Results demonstrated that the compressive behaviour depends above all on the foam density which increases with the increase of the density (see Fig. 4 ). The effect of loading conditions on compressive behaviour for these cubic specimens is sometimes masked by the effect of the foam density. However, their effect could be observed comparing the curves of the foam specimens belonging to C-layer compressed in perpendicular direction under the quasi-static (C15-C18) and dynamic loading (C25-C28) that have similar foam density. It can be observed that the higher strain rate (dynamic loading) increased the compressive strength. This is due to micro-inertial effects and strain-rate sensitivity (Deshpande (2000) , Raja (2009) ). The micro-inertial effects are associated to the rotation and lateral motion of cell walls in dynamic condition tends to suppress cell wall buckling and thereby increases the crushing stress (Raja (2009) Results display a significant experimental scatter. This scatter is caused by foam imperfections, in particular by regions of high porosity. It was clearly shown that a non-uniform mass distribution in combination with variations of cellular architecture in this original block determine the compressive behaviour. Density variation and imperfections yield to a large scatter of measured properties, which is detrimental for the metal foams reliability. For example, wiggled or missing cell-walls reduce strength, and this in turn results in reduced strain energy absorption under compression (Degischer (2002) , Campana (2008) , Ramamurty (2004) ).
Energy Absorption
The energy absorption curves were calculated by integrating load -displacement curves, shown in Fig. 5 . From these results it can be indicated that energy absorption increases with increasing foam density and strain rate (dynamic loading). It is clearly that the energy absorption increases by decreasing the cell size. This is the reason why absorption energy curves are higher when foams are compressed in perpendicular direction. The energy absorption also depends on the amount of imperfections and defects existing in the cellular structures. For example, more irregular structures (as in the case of the specimens of A-layer) exhibited lower energy absorption curves. This means that they absorb lower levels of energy.
Conclusions
Non-uniform mass distributions occur in this original block with the variations of cellular architecture. This nonmass distribution in the foam leads to a higher density gradient with a formation of horizontal and vertical profiles of density. The cell sizes are also larger and often irregular, while foams tend to have marked density gradient. This is associated to a non-uniform growth due to the presence of thermal gradient. The influence of density and cellular architecture on foam compressive behaviour is strong and complex. The scatter of the properties is assumed to be caused by irregularities in cellular architecture of real products. The range of scattering of mechanical properties defines the quality of these foams. These properties depend on the variations in cellular structure and their uniformity. The properties are inferior than expected due to structural defects.
